NAVAL  RESEARCH 


®  003/017 


01/09/03  16:40  FAX  4045621610 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  NO.  0704-0188 

. . . . . . . . r  ,  hrt,,r  ~  r-rwvx  includine  the  time  for  reviewing  instructions,  scarwun*  ~ - 

Public  Reporting  burien  for  ibis  collection  of  information  is  estimated  “  Send  conmem  regarding  this  burden  estimates  or  any  Mber  aspect  of  this  coUecuon 

garnering  am,  mataaining  dm  data  needed,  and  doming  and  for  iZnZ  Operation*  and  Reports,  1215  Jefferson  Davis  Htghway, 

of  information,  mcluding  suggestions  for  reducing  this  burden  to  «M»  ***■?«* mOMIU.I  Washington.  DC  20503. 

1  Suite  1204,  Arum.  VA  ZZUZ-^UZ.  anoro  me  u»  ~r  ■  - 

1.  AGENCY  USE  ONLY  (Leave  Blank)  2.  REPORT  DATE  uJ\m 

3 .  REPORT  TYPE  AND  DA  I  fcb  UU  v  EK tu 

Final  report,  Oct.  1  1999  —  Sept.  30  2002 

4.  TITLE  AND  SUBTITLE 

State-Switched  Absorber/Damper  for  Structural  Control 

5.  FUNDING  NUMBERS 

38955EG 

pAftf\H-4q-  1  -031  <e - 

6.  AUTHORS) 

Dr.  Kenneth  A.  Cunefare 

7.  PERFORMING  ORGANIZATION  KAMA'S)  AND  AL>DRbii(,tS)  . 

The  Georgia  Institute  of  Technology.  Woodruff  School  of  Mechanical  Engineering 
Atlanta,  GA  30332-0405 

8.  PERFORMING  ORGANlZAllON 

REPORT  NUMBER 

SSA02 

'  9.  SPONSORING  /  MONITORING  AGENCY  N AMEfS)  AND  ADDKESS(ES) 

U.  S.  Array  Research  Office 

P.O.Box  12211 

Research  Triangle  Park,  NC  27709-221 1 

10.  SPONSORING  /  MONITORING 

agency  report  number 

■•S87SS.1  -  _ 

H‘  Te^eS.Top,monITnd'or  findings  contained  in  tins  report  are  those  of  the  authors)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 

12  a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited. 

12  b.  DISTRIBUTION  LUDfc 

13,  ABSTRACT  (Maximum  200  words) 

This  project  investigated  a  novel  variation  on  the  concept  of  a  tuned  vibration  absorber  or  dampe 
(SSA).  The  SSA  is  capable  of  altering  its  stiffness  state  nearly  instantaneously.  The  change  in  st 
resonance  frequencies  of  the  system,  thereby  instantaneously  ‘retiming’  the  SSA  to  a  new  frequency 
increases  the  effective  bandwidth  of  die  absorber,  can  be  made  to  be  effective  against  multiple  freque: 
in  addition,  holds  forth  the  potential  for  unique  applications,  such  as  the  preferential  “pumping  ol 
project  yielded  modeling  methods  for  the  absorber  applied  to  common  structural  elements,  e.g.,  beam 
actuators;  analysis  methods  for  placement  and  optimization;  SSA  prototypes;  control  circuit  imp 
validation  of  state-switched  absorbers 

r:  the  State-Switched  Absorber 
iffness  causes  a  change  in  the 
.  The  state-switching  technique 
ocies  within  its  bandwidth*  and, 
f  energy  into  the  absorber.  The 
s  and  plates;  switching  rules  for 
e  mental  ions,  and  experimental 

14.  SUBJECT  TERMS 

Vibration  control,  state-switching,  MR  elastomer 

15.  NUMBER  OF  PAGES 

g!»rt  Append*-'  ^ 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION  18,  SECURITY  CLASSIFICATION  19.  SBCUW'.^Y  CLASSIFICATION 

OR  REPORT  ON  THIS  PAGE  OP 

UNCLASSIFIED  UNCLASSIFIED  UNCLASSIFIED 

20,  1 1  A  i  ION  OF  ABSTRACT 

VL 

Standard  Form  298  (Rev.2-89) 

_ — - -j -  - - Standard  Form  298  (Rev.  2*8  9) 

NSN  754045 1  -280-5500  Prescribed  by  ANSI  Std.  239-1  8 


298*102 


20030519  216 


01/09/03  16:41  FAX  4045621810 


NAVAL  RESEARCH 


@004/017 


Problem  Studied 

This  project  addressed  by  this  report  investigated  a  novel  variation  on  the  concept 
of  a  tuned  vibration  absorber  or  damper:  the  State-Switched  Absorber  (SS  A).  The  SSA  is 
capable  of  altering  its  stiffriess  state  nearly  instantaneously.  The  change  m  stiffness 
causes  a  change  in  the  resonance  frequencies  of  the  system,  thereby  instantaneously 
‘retiming’  the  SSA  to  a  new  frequency.  The  state-switching  technique  increases  the 
effective  bandwidth  of  the  absorber,  can  be  made  to  be  effective  against  multiple 
frequencies  within  its  bandwidth,  and,  in  addition,  holds  forth  the  potential  for  unique 
applications,  such  as  the  preferential  ‘‘pumping”  of  energy  into  the  absorber. 

The  project  investigated: 

1)  Development  of  modeling  methods  for  the  absorber  applied  to  common  structural 
elements,  e.g.,  beams  and  plates. 

2)  Development  of  switching  rules  for  actuators 

3)  Development  of  analysis  methods  for  placement  and  optimization 

4)  Development  of  design  rules  and  SSA  prototypes 

5)  Control  circuit  development 

6)  Experimental  examination  of  state-switched  absorbers 


Summary  Results 

The  following  briefly  summarizes  the  technical  developments  achieved  during  the  course 
of  the  project,  and  available  in  archival  and  conference  publications.  Key  results  include 
the  development  of  effective  simulation  tools,  theoretical  and  experimental  validation  of 
the  control  concept,  and,  development  of  prototype  concepts. 

Simulation  code  was  developed  for  a  variety  of  dynamical  systems,  forcing  excitations, 
and  state-switching  rules.  The  capability  now  exists  to  simulate  state-switched  absorbers 
applied  to  single  degree  of  freedom,  two  degree  of  freedom,  beam,  and  plate  systems.  For 
the  beam  and  plate  systems,  the  ability  to  consider  point  and  distributed  excitation,  or 
both  combined,  were  implemented.  Simulation  code  to  permit  analysis  of  time-varying 
and  random  disturbances,  eliminating  the  limitation  of  considering  combinations  of 
simple  harmonic  excitations,  was  also  developed.  Several  switching  control  algorithms, 
including  algorithms  based  on  the  objectives  of  maximum  energy  extraction,  frequency 
time-sharing,  and  purely  random  switching,  were  implemented  and  evaluated.  The 
maximum-work-extraction  logic  routinely  demonstrated  the  best  performance  over  other 
logic  schemes.  In  all  cases  analyzed,  state-switched  vibrations  absorbers  perform  in 
general  significantly  better  than,  and  never  worse  than,  passive  vibration  devices. 

The  simulation  tools  were  used  to  perform  a  detailed  study  of  the  role  that  damping  plays 
in  the  performance  of  the  state-switched  absorber.  Considering  a  number  of  damping 
models,  excitations,  and  systems,  the  damping  conditions  for  which  state-switching 
yields  greater  performance  as  compared  to  passive  absorbers  with  equivalent  damping 
were  determined.  The  performance  benefits  of  the  absorber  were  determined  to  be 
insensitive  to  the  particular  damping  model  employed  in  the  simulations.  This  increased 
the  confidence  in  the  robustness  of  the  concept. 
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The  predicted  theoretical  performance  of  the  state-witched  absorber  was  confirmed 
experimentally.  A  dynamic  analog  of  the  state-switched  absorber applied  to  a  base  am 
wi  constructed,  comprising  a  2-degree-of-fteedom  state-switched  wbratron  absorber 
system  based  on  a  switchable  magneto-rheological  clamping  devtce.  The  state-switching 
control  of  this  system  was  implemented  using  a  digital  signal  processing  system,  na  s 
clearly  demonstrated  that  the  state-switched  vibration  absorber  was  capable  of  reducing 
the  base  motion  of  a  two-degree  of  freedom  system  subjected  to  multiple  harmonic  forces 
to  a  greater  extent  than  a  passive  vibration  absorber. 

In  addition,  a  single-degree-cf-freedom  test  system  to  validate  analytical  developments 
regarding  energy  absorption  and  optimal  switch  timing  was  been  constructed.  Results 
from  this  demonstrator  indicate  that  the  switch  logic  developed  in  thisresearch  has  clear 
advantages  over  other  switching  logic  schemes  proposed  elsewhere.  The  state-switching 
control  logic  employed  in  this  work  was  proven  through  experiment  to  provide  smooth, 
shock-free  operation.  Further,  control  schemes  as  implemented  by  others  were 
experimentally  demonstrated  to  haxe  the  potential  to  generate  significant  mechanical 
shocks,  which  may  be  undesirable. 

Beyond  the  above  results,  documented  in  the  published  literature,  significant  results  were 
achieved  in  the  area  of  optimizing  placement  of  SSA  absorberson  extende  s  c  , 
and,  in  the  development  of  Magneto-Rheological-based  SSA’s.  This  material  has  not  yet 
been  published.  The  following  addresses  each  of  these  results. 

A  state-switched  absorber  design  was  developed  whose  size,  weight  and  operational 
frequency  range  is  comparable  to  those  used  in  commercial  vibration  suppression 
applications,  lie  design  employs  a  Magneto-Rheological  (MR)  elastomer.  The  magnetic 
S  required  for  stiffiiess  actuation  of  the  device  is  integrated  as  part  of  the 
of  the  absorber,  representing  a  novel  means  of  reducing  the  complexity  of  the  overall 
system.  Prototypes  of  the  device  have  been  constructed  and  tested,  and  demonstra 
frequency  shiftson  the  order  of  460%.  Appendix  1  provides  a  draft  paper  describing  this 

concept  in  detail. 

In  concert  with  this  MR  absorber  design,  low-cost  sensor  and  control  systems  for 
practical  applications  were  developed  in  concept.  The  basic  control  logic  only  requires 
knowledge  of  the  zero-deflection  position  of  the  absorber,  and  of  the  sign  of  the  base  and 
relative  velocities.  Since  only  the  signs  of  the  velocities  are  required  the  system  does  nc4 
need  precise,  calibrated  measurement  of  these  parameters.  Low-cost  optical  sensors  were 
determined  to  provide  the  means  to  detect  the  zero-deflection  point,  as  well  as  the  signs 
of  the  velocities. 

With  respect  to  placement  optimization  of  SSAs  on  extended  structures,  a  genetic 
algorithm  was  implemented.  It  was  discovered  that  the  kinetic  energy  results  in  SSA 
systems  are  discontinuous.  Essentially,  a  small  perturbation  in  some  parameter  m  the 
SSA  system,  does  not  necessarily  give  a  small  perturbation  in  the  kinetic  energy  mema 
This  discontinuity  is  due  to  change  in  the  time  response  of  the  system,  thus  potentially 
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Figure  1:  Kinetic  Energy  of  the  Base  ns  a  Function  “  L<Wftr  TUnin9 

8  Frequency  =  1 .0226  and  an  Upper  Tuning  Frequency  -  1 .028 

hanging  the  occurrence  of  switch  events.  Even  changing  the  occurrence  of  one  switch 
Scfn  cause  large  changes  in  the  kinetic  energy  of  the  system.  Because  of  this 
discontinuity,  optimization  is  rather  difficult  through  typical  methods. 

Work  was  done  on  basic  optimization  of  a  cantilevered  beam  forced  at  the  center  with 
mfJqueS  exponent  forcing.  The  parameters  checked  for  optimization  were 
absorber  location  anftumng  frequencies.  Figure  1  depicts  the  b^tanetm  en^ 
function  of  location  along  the  beam  for  a  constant  set  of  tunmg  frequencies  As  ^n  be 
seen  from  Figure  1,  the  optimum  location  for  a  state-switched  absorber  is  at  the  free  end 
of  a  cantilevered  beam.  At  this  location  the  kinetic  energy  is  at  its  lowest  ftcan  E dso  be 
seen  in  Figure  1  that  there  are  locations  at  which  the  kinetic  energy  spikes  and  the  SSA 
suppresses  vibrations  poorly. 

A  similar  investigation  was  done  with  tuning  frequencies.  The  absorber  location  was 
at  tie  free  end  of  the  cantilevered  beam  and  the  beam  kinetic  energy  ^ 
determined  for  a  range  of  tuning  frequencies.  The  results  of  this  investigation ^are  shown 
in  Figure  2  In  this  figure,  the  blue  color  corresponds  to  low  kinetic  energy 
and  if  desired;  the  red  color  corresponds  to  large  kinetic  energies  and  is  to  ^voided 
As  can  be  seen,  the  best  performance  occurs  along  the  diagonal  where  the  tuning 
frequencies  are  equal  or  close  to  being  equal.  When  the  tuning  frequencies  are  equal,  the 
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Figure  2:  Kinetic  Energy  of  the  Base  as  a  Function  of  SSATuning  Frequencies  With  a  Constant 

Location  - 1 

absorber  acts  as  a  passive  tuned  vibration  absorber.  From  these  preliminary  results,  there 
seems  to  be  little  advantage  to  state  switching  m  the  cantilevered  beam  system. 
Currently,  work  is  being  done  to  try  to  expand  the  range  of  tuning  frequencies 

considered. 
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Appendix  1 

The  Analysis  of  a  State-Switched  Absorber  Design  Concept 
Anne-Marie  Albanese,  Kenneth  A.  Conefaie 
The  Georgia  Institute  of  Technology 

abstract 

A  tuned  vibration  absorber  (TVA)  is  a  spring-damper-mass  system  used  in  many  industries  for  the 
suppression  of  a  specific  vibration  frequency,  and  has  application  for  the  suppression  of  aircraft  age 

vibration.  A  state-switched  absorber  (SSA)  is  similar  to  a  TVA,  except  that  one  or  more  components  m  *e 
SSA  is  able  to  instantaneously  and  discretely  change  properties,  thus  increasing  the  effective  bandwidth  of 
vibration  suppression.  In  order  to  design  a  replacement  SSA  for  the  classic  TVA,  the  SSA  ^op^  m 
the  appropriate  frequency  range,  be  lightweight  and  compact  An  optimal  SSA  will  also 
frequency  range  that  it  can  switch  between.  This  paper  discusses  the  development  of  a  magnetorheological 
fMR)  silicone  gel  used  as  the  SSA  switching  element,  the  shape  required  to  maintain  a  magnetic  flux  path, 
and  the  contribution  of  the  magnet-mass  to  frequency  shifting.  The  MR  gri  is  iron-doped  sdtccm^  cmed  in 
the  presence  of  a  magnetic  field.  During  operation,  the  applied  magnetic  flux  is  modified  to >  chu* 
natural  frequency.  The  applied  flux  requirement  forces  the  SSA  to  be  a  small  nng.  The  SSA  is  designed  to 

operate  below  100  Hz. 

1.  INTRODUCTION 

Tuned  vibration  absorbers  (TVAs)  are  prevalent  in  many  vibration  control  applications  such  as  m 
aircraft  fuselages  due  to  their  low  cost  Mid  well-established  vibration  absolution  capabilities.  While  actve 
vibration  controllers  have  been  developed  and  offered  in  the  market  place  for  years,  err  use  as  vi 
control  mechanisms  have  been  limited  for  several  reasons.  Active  vibration  connollers  white They can  be 
highly  effective,  possess  costly  and  highly  sophisticated  control  algorithms.  In  addition  due  to  then  real¬ 
time  property-changing  characteristics,  an  active  vibration  absorber  subjected  to  “  ™antlC*^  ed ,  . 

excitation,  or  one  that  is  improperly  controlled,  can  actually  add  energy  into  the  system  and  thus  dnve  it 

mto  ‘nSla^^emiactive  absorberf  referred  to  as  a  state-switching  absorber  or  SSA  in  this  paper,  is  a  hybrid 
of  the  reliable  TVA  and  the  more  effective  active  vibration  controller.  The  SSA  is  capable  of  switchi^ 
one  or  more  of  its  properties,  in  this  case  its  spring  stiffness,  but  the  control  aigonthm  is  funtkmenta1^ 
different  from  the  active  vibration  absorber  in  that  it  only  allows  switching  to  occur  at  discreie  times  and  o 
discrete  states.  In  this  way,  the  risk  of  adding  energy  to  the  system  is  eliminated  since  between  states  the 

SSA  behaves  as  a  classical,  stable  TVA.  it  a 

Just  because  the  SSA  can  control  multiple  vibration  frequencies  does  not  necessarily  make  it  a 
TVA  competitor.  For  the  SSA  to  absorb  vibration  better  than  a  TVA,  the  excitation  source  mustbea 
variable-frequency  one.(1]  In  addition,  the  SSA  requires  external  energy  to  enable  switching,  both  to  the 
switching  mechanism  and  to  the  sensors  that  feed  into  the  control  algorithm;  this  additional  energy  must  be 
minimal8  The  SSA  must  be  comparable  in  size  and  mass  to  the  TVA;  a  large  or  bulky  system  will  not  do. 

It  must  also  be  able  to  operate  within  the  same  frequency  range,  ,  .  r 

This  paper  will  discuss  the  elements  considered  in  designing  an  SSA.  This  includes  a  bne 
overview  of  state  switching  and  magnetics,  the  size  and  shape  of  an  SSA,  the  method  of  slate  s™tchmg 
employed,  and  the  contribution  of  the  mass-magnet  to  the  stiffness  change  Although  control  algonthms 
are  an  important  aspect  of  the  SSA,  the  control  algorithm  implemented  is  dependent  upon  the  nature  of  the 
excitation,  and  is  beyond  the  scope  of  this  paper. 

2.  MAGNETICS:  A  REVIEW 

The  switching  aspect  of  the  SSA  developed  for  this  work  is  a  magnetorheological  (MR)  silicone. 
The  MR  silicone  consists  of  a  two-part  silicone  with  embedded  iron  particles  aligned  in  chains,  as  seen 
below  in  figure  1  When  a  magnetic  flux  path  flows  through  this  composite  material,  the  magnetic  forces 
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will  oppose  any  displacement  the  iron  particles  experience  away  from  their  magnetic  equilibrium  point. 
This  causes  the  effective  stiffness  of  the  silicone  to  increase. [2] 


Figure  1 :  A  MR  silicone  subjected  to  a  magnetic  flux  B  and  tensile  force  F  induces  mtennolecular  forces 


The  force  follows  the  inverse  square  law,  as  described  below  in  equation  (2.1)  as 

v  am 

F  =  --?■ 

m  r2  • 


where  Fm  is  the  attractive  force  from  each  n  on  particle,  t  is  the  dis  tance  between  each  particle,  and  am  is 
a  constant  to  be  determined.  While  the  particle-to-particle  attraction  yields  a  stiffness  change,  tbeprimary 
change  in  stiffness  is  going  to  be  due  to  the  huge  iron  core  halves.  The  attractive  force  of  two  inagnet  «xls 
together  or  in  this  case,  two  ends  of  the  horseshoe-shaped  iron  halves,  can  be  described  as  equation  (2.2), 


Anr 


;  mm  , 


B  = 


(2.1) 


where  m  and  m'  are  the  magnet  strengths  of  each  attracting  pole,  re  lated  to  magnetic  flux  B  by 
B  =  ,r  is  the  distance  between  each  pole,  and^  =4tfx  10_7is  the  magnetic  permeability.  For 
our  setup,  m  and  m’  are  equal  and  opposite,  so  that  equation  (2.2)  becomes 

4  nr2 

In  designing  our  SSA,  we  wanted  to  have  a  maximum  change  in  the  magnetic  strength.  Since 
magnetic  strength  is  related  to  magnetic  flux  B,  we  designed  our  coil  to  be  able  to  magneticalty  saturate  the 
composite.  A  description  of  equations  (2.4)  and  (2.5)  can  be  found  in  a  tutorial  by  Magnetic  Products  and 
Services,  Inc.  [3]  A  line  of  current  produces  flux,  but  a  coil  of  wires  carrying  a  current  of  1  Amperes 
generates  B  Gauss  of  flux  through  the  center  of  the  coil  according  to  equation  (2.4) 

s  0.49  JV  •  / 


(2.2) 


B  = 


0.49-10 
l 


B  describes  the  magnetic  flux  density  through  the  steel  coil.  The  Lord  Corporation  found  that  the  flux 
density  through  a  MR  fluid,  B^^,  is 

s  _ ^ st ' 

Bssa-  A’ssa  ■ 


(2.3) 


(2.4) 


where  s  is  the  length  of  the  coil  in  inches  and  r  is  the  radius  of  the  coil.  Magnetic  flux  can  be  amplified  if  it 
travels  around  a  steel  loop  with  a  small  air  gap  of  size  /,  in  inches,  whose  relationship  to  current  is  found  in 
equation  (2.5) 


(2.5) 


(2,6) 
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whe«  \  » the  affecfec  pok  ^  *«  =  «  =  to  ^  8»i»S  "* 

steel  coil. [4] 


3.  STATE  SWITCHING:  AN  OVERVIEW 

He  SSA  is  permitted  to  twitoh  onl,  *  di.ee, e  ernes  ttod  .0  dtserete  Siam.,  Between  switches,  the 
SSA  behaves  as  a  classic  TVA  at  its  state,  as  shown  in  figure  . 


y ////// /  f  r  r  r  r  *  *  -  ^  , 

Figure  2:  An  SSA,  on  left  represented  as  one  of  many  TVA’s,  on  right. 


',SS^^a«'^eh™Se  .tlTpLi,  die  SSA  should  twt.ch  .0  give  gre.ter  vitadoo 
ebso^to  fte  TVA  ^  ^  ^  ^  k  gap  m 

seen  m  6^tT  The  silicooe  composite  in  the  si,  g»P  behsves  »s  s  switchahle  spnng  With  tosses,  modeled 
as  light  damping. 


c/2lAl>kQ/2  WK 


r  IF  V 
I —  I  e/2  y 


Figure  3:  Schematic  of  an  MR  SSA. 

When  no  current  nms  though  toe  wires,  toe  spring  const*.,  ha.  some  .slue  *»  toe  elation  of  motion  i. 

nvK+  c&+  k^x  =  cy+  k$y. 

The  displacement  values  x  and  y  describe  the  absorber  and  base  emplacement,  respectively,  as  depicted 

above  in  ^  ^  previous  sectjon>  the  magnetic  flux  c  aused  a  particle-to-particle  a^a^°J* 

between  die  iron  particles  whhin  the  silicone  composite  itself.  However,  the  primary  cause  of  **  atrffceu 
cCe  wt  duTto  the  magnetic  poles  on  the  large  iron  mass  pieces  themselves^  From  equation  (2.3),  the 
vSr  ^relative  dispLmem  between  x  and  y,  or  r  -  *  -  y.  Since  x  and  y  consist  of  small 

deviations  about  some  mean  displacement,  r  =  (*0  +  *)' "  Cv0  +  >)  ~  (x0  >  o)+  (x  V  Cre  *° 
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and  y0  are  mean  displacements.  Assuming  small  deviations  x  and  y,  equation  (23)  becomes  equation 
below, 

F=w±\-i+j[{x-y), 

AnA)  L  A  J 

where  Aj  =  Xqj  -yojtfocf  state’s  static  displacement  Substituting  into  equation  (2.7)  and 
rearranging,  we  find  that  the  differential  equation  for  the  fluxed  case  becomes  equation  (2.9),  below. 


,  (  f,  M)  mj 

n&+c¥+  k0  +  — f-  x=c¥+\k0+-—f 

ntfj  J  V 


/+ - 2 

I  2^Ay 


We  see  tliat  the  net  spring  constant  becomes 


forB  =  0 


The  other  effect  can  be  seen  in  the  right-liancL  side  of  equation  (2.9).  The  forcing  constant  means  that  the 
silicone  will  be  forced  to  displace  statically.  If  gravity  is  neglected,  one  can  see  that  the  static  displacement 
is  in  fact  a  function  of  the  magnetic  strength,  m,. 

as-,  . 

J  V  4  jBcq  ) 

This  implies  that  the  magnetic  strength  forces  the  composite  to  statically  compress. 

4.  PHYSICAL  DESIGN  CONSIDERATIONS 

A  MR  silicone  of  length  l  whose  stiffiiess  change  is  directly  proportional  to  the  magnetic  flux  that 
runs  through  it  should  have  a  maximum  flux  change  for  the  least  amount  of  power  input.  Therefore,  two 
MR  silicones  can  be  placed  in  parallel  as  seen  below  in  figure  4,  producing  two  small  gaps  in  a  steel  loop. 

The  coil  must  be  able  to  fit  inside  the  steel  without  constraining  the  MR  silicone  motion.  This 
requirement  is  satisfied  by  adhering  to  (3. 1)  below: 

.  r,  _^2 

ire  \  ^ wire  J 

where  N  is  the  number  of  coils,  rav  is  the  average  of  the  inner  and  outer  radii  for  the  SSA,  5  is  the  length 
a  side  of  the  steel  coil,  and  rwire  is  the  radius  of  the  magnet  wire.  The  wire  thickness  must  be  chosen  such 
that  it  can  carry  the  maximum  current  load  necessary  and  still  satisfy  equation  (3.1), 
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Figure  4:  Final  design  for  the  SSA, 


We  wished  to  have  an  SSA  with  nauiral  frequencies  below  the  100  Hz  mark,  but  with  a  maximum 
natural  frequency  change  between  the  unfluxed  and  maximally  fluxed  cases.  The  spring  constant  was 

presumed  to  be  kSSA  Therefore,  the  spring  stiffoess  change  was  modeled  as  an  elastic 

modulus  change.  In  addition,  we  wanted  an  SSA  that  had  no  dimension  larger  than  3”,  and  it  should  have  a 
mass  of  less  than  100  g.  The  end  design  can  be  seen  in  figure  4. 


S.  EQUIPMENT 

A  two-part  silicone  was  mixed  thoroughly  with  iron  microparticles  and  then  cured  in  the  presence 
of  a  magnetic  flux.  The  silicone  in  question  was  a  GE  Silicone  RTV6186,  and  the  iron  was  from  ISP 
Technologies  by  the  name  of  R1430.  The  silicone  was  cured  to  roughly  150°  F  for  90  minutes  m  the 
presence  of  a  magnetic  flux  to  align  the  iron  particles.  The  power  supply  used  to  dnve  current  through^ 
magnet  coil  was  a  KEPCO  BOP36-6D.  A  low-carbon  steel  was  used  to  construct  the  steel  loop.  The  test 
setup  can  be  seen  below  in  figure  5.  Siglab  model  50-21  provided  a  random  noise  source  bandbmit«rcl  to 
1000  Hz  It  was  amplified  by  an  IDS  PA25E  power  amplifier,  and  then  actuated  by  an  LDS  shaker  model 
V2.0.3.  Data  from  the  accelerometers,  Kistler  model  866  C5,  were  powered  by  a  Rustler  power  supply 
model  5134,  collected  by  Siglab,  and  then  exported  to  a  PC. 
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Figure  5:  Test  setup  for  the  SSA. 

6.  PROCEDURES 

Silicone  was  prepared  by  mixing  the  desired  percent  iron  (R1430)  to  part  B  of  the  two-part 
silicone  mixture.  Then  an  equal  mass  part  A  was  added  to  the  mixture.  Silicone  was  mixed  for  ten  minutes 
on  a  hot  plate  heated  to  50°C  (122°F).  The  silicone  mixture  was  then  cured  for  30  minutes  at  an  elevated 
temperature  under  4.5  A  current.  The  silicone  sample  produced  was  cylindrical  with  a  0, 1 5  radius  and 

02  1H  ,6(Xce  cured,  the  sample  was  cut  in  halflength-wise  and  each  half  was  secured  to  the  iron  halves 
using  Loctite  454  epoxy.  Siglab  was  used  to  produce  broadband  white  noise,  delivered  to  the  base  ™^via 
the  shaker.  The  accelerometers  measured  the  acceleration  of  both  the  base  and  absorber  mass  which  were 

then  recorded. 

7.  RESULTS 

It  was  found  that  better  than  a  5:1  maximum  to  minimum  natural  frequency  ratio  could  be 
achieved  in  the  30-35%  iron  by  volume  range,  as  shown  in  figure  6.  This  graph  is  somewhat  misleading, 
though,  because  even  a  0%  iron  induces  a  frequency  change.  However,  this  is  not  an  increasing  na 
frequency  with  increasing  coil  current  Figure  7  shows  that  the  natural  frequency  m  fact  decreases  with 
increasing  current 
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Frequency  Ratio  vs.  iron  Percent 


Figure  6:  Frequency  change  ratio  for  different  iron  fractions 

One  can  also  observe  in  figure  7  that  there  are  different  spring  to to ^0  A  valu*  Tte 

is  because  the  elasticity  of  a  material  increases  when  particle  fil  ers  are  mcWedJS  7]  AU ^  matenah  wtft 
30%  iron  and  below  have  identical  initial  stiffiiesses  because  talc  powder  was  added  to  obtain  3  /o 
particle  composition  by  volume  to  enhance  rhe  matenal  strength. 

Average  frequency  vs.  current,  different  Fe  % 
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Figure  7:  Natural  frequencies  for  different  iron  fractions  at  various  current  levels. 

8.  CONCLUSION 

It  has  been  demonstrated  in  this  paper  that  a  MR  silicone  can  be  used  as  a  state-switching  spring  in  an 
ptX^p  to  a  5:1  t£Ll  ftcqoooty  ctogo.  1*  d=sig»  U  iro-pe^o 

and  the  whole  device  weighs  less  than  100  g. 
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